from animal reproduction are scarce (Baumgartner et al., 1998) . For quantitative evaluation of the detected Doppler frequency spectrum, the systolic peak velocity (SPV) and the pulsatility index (PI) or the resistance index (RI) are preferably used. Detection of venous ovarian blood flow does not yield any valuable information (Kurjak and Kupesic, 1997) . The results of these studies, in which alterations of ovarian perfusion is in accordance with ovarian endocrine function, correspond almost entirely. Deviations from normal cyclic findings were observed in human pregnancy (Zalud and Kurjak, 1990; Goswamy, 1993) , senescence (Locci et al., 1994; Kurjak and Kupesic, 1995) , pathological ovarian function (Bourne et al., 1991; Kurjak and Kupesic-Urec, 1991; Kupesic and Kurjak, 1993; Schurz et al., 1993; Weiner et al., 1993; Strigini et al., 1995; Kurjak and Kupesic, 1997) and in the case of ovarian neoplasia (Bourne et al., 1989; Fleischer, 1991; Sohn et al., 1993; Sohn, 1995; Tekay and Jouppila, 1995) .
The aim of the present study was to acquire basal values for the intraovarian blood flow in the bitch throughout the normal oestrous cycle and pregnancy, and at PGF 2α -induced early luteolysis.
Materials and Methods
Fifteen healthy Beagle bitches 2-10 years of age, from the Institute for Reproductive Medicine, School of Veterinary Medicine, Hannover, were examined. Animal housing, care and experimentation complied with the animal welfare regulations of Germany.
Eleven physiological oestrous cycles were used for evaluation of basal Doppler ultrasonographic data. Ultrasound examinations were performed each day during pro-oestrus and oestrus until the onset of cytological metoestrus as defined by Holst and Phemister (1974) , and were continued at 10 day intervals from day 10 to day 70 after ovulation. Three of these bitches became pregnant at the next oestrus and were again subjected to the same examination schedule. In four inseminated bitches, which were also involved in a study on prevention of implantation, luteal function was inhibited by s.c. injections of 50-100 µg PGF 2α kg -1 (Dinolytic ® , Upjohn, Erlangen) every 8 h from day 12 after ovulation and for the subsequent 7 days (Salpigtidou, 1998) . In this group, one additional ultrasound examination was performed at day 15 after ovulation.
During pro-oestrus, follicular activity was monitored each day by examining vaginal mucosa and vaginal cytology (Jeffcoate and Lindsay, 1989) , and by using Bmode ultrasonography as described by Günzel-Apel and Dieterich (1996) . For determination of ovulation, complementary semi-quantitative analysis of progesterone concentrations in peripheral plasma was performed at 2 day intervals starting at late pro-oestrus, to detect the preovulatory progesterone increase, using the Canine ovulation timing kit (Biometallics, Princeton, NY) (Waberski and Günzel-Apel, 1990; Günzel-Apel 1997) . Additional blood samples were collected in accordance with the ultrasound examinations. The samples of blood plasma were stored at -18ЊC until hormone analysis. Concentrations of oestradiol, progesterone and LH were measured by radioimmunoassay as described by Höveler (1991) for oestradiol, by Sieme (1989) for progesterone and by Günzel-Apel et al. (1990) for canine LH.
For ultrasonographic examinations, the ultrasound system LOGIQ 500 (General Electrics, Medizinische Geräte, Solingen) equipped with a 7.5 MHz-linear scanner for B-mode as well as for colour-coded and pulsed Doppler measurements was used. Ultrasonography was performed from the left and right shaved flank as described by Hayer et al. (1993) . The ovaries were identified behind the caudal pole of the ipsilateral kidney.
Intraovarian vascularization was visualized using colourcoded Doppler ultrasonography (Duplex-mode). The size of the colour-coded area was usually limited to the maximum extent of the ovary. In the sectional plane of maximum intraovarian colouring the optimum Nyquist limit, and the filter and gain were estimated at each examination.
For quantitative analysis, intraovarian vessels were colour-coded and the Doppler spectrum was calculated simultaneously within a pulsed-wave range gate (Triplexmode). Only arterial waveforms with maximum Doppler shift, in which several successive heart cycles could be precisely imaged, were included in the study. The sample volume was adjusted to surround the entire lumen of a vessel. In consideration of the breathing-related movements of the abdomen, the sample volume was aligned at the expiratory position of the colour-pixel. The insonation angle between Doppler stream and course of the vascular segment was corrected manually. Angles of > 60Њ were excluded from further quantification.
Each examination included the detection of flow velocity waveforms of good quality in at least three heart cycles within three different intraovarian locations. The systolic and diastolic peak velocity (SPV and DPV) and the enddiastolic velocity (EDV) of the outlined waveform were determined. Impedance of blood flow was estimated by the peak-to-peak pulsatility index (PPI = SPV -EDV/TAMAX (TAMAX = time averaged maximum velocity)) and the resistance index (RI = SPV -EDV/SPV).
Statistical analysis
Statistical analysis was performed by means of the computer program SAS ® (Statistical Analysis System). All values of Doppler parameters and hormone concentrations were mean Ϯ SD. The Student's t test was used to compare Doppler parameters of representative days of the oestrous cycle (days from ovulation (day 0) : -6, -4, -3, -2, -1, 0, 1, 2, 5, 10, 15, 20, 30, 40, 50, 60 and 70) . For presentation of the results, the data in Figs 1-3 are limited to 3 representative days of the follicular phase until ovulation (days -6, -2 and 0) and to 6 days of the luteal phase (days 2, 10, 20, 30, 50 and 70 after ovulation). (c) enddiastolic velocity (EDV) of blood flow in the left intraovarian arteries in Beagle bitches during the physiological oestrous cycle (; n = 11), pregnancy (; n = 3) and in bitches treated with PGF 2α from day 12 to day 18 after ovulation (ᮀ; arrow; n = 4). Values obtained 2 days before ovulation (day -2) and 2 days after ovulation (day 2) are significantly different (P < 0.05).
Values obtained for contralateral ovaries were analysed for significant differences at days -6, 0, 5, 30 and 60. P values of < 0.05 were considered significant.
Results

Intraovarian perfusion of the left and right ovary
Comparison of the blood flow in the left and right ovarian artery revealed similar tendencies in both sides during the oestrous cycle (Table 1 ). Significant differences between ovaries were obtained for EDV and PPI at day -6, for PPI at day 0, for PPI and for RI at day 5 after ovulation, and for EDV and DPV at day 30, indicating an uneven developmental stage of individual ovaries in the same bitch. Thus changes in the blood flow of intraovarian arteries were demonstrated only for the left gonad. (a) Peak-to-peak pulsatility index and (b) resistance index of blood flow in the left intraovarian arteries in Beagle bitches during the physiological oestrous cycle (; n = 11), pregnancy (; n = 3) and in bitches treated with PGF 2α from day 12 to day 18 after ovulation (ᮀ; arrow; n = 4). Values obtained 2 days before ovulation (day -2) and 2 days after ovulation (day 2) are significantly different (P < 0.05).
Physiological follicular phase, ovulation and early luteal phase (from day 6 before ovulation to day 10 after ovulation)
In the first few days of pro-oestrus, colour-coded blood flow was scarcely detectable in most ovaries, even when the Nyquist limit was at the lowest setting. In the later stages of the follicular phase, the number, extent and intensity of intraovarian colour pixels increased gradually and Doppler parameters could be calculated in all ovaries from day 6 before ovulation (day -6). Flow velocity waveforms were characterized by a sharp systolic increase and decrease followed by a flat diastolic peak and a low end-diastolic velocity. During the follicular phase, the flow velocities Progesterone concentrations (ng ml -1 ) in Beagle bitches during the physiological oestrous cycle (; n = 11), pregnancy (; n = 3) and in bitches treated with PGF 2α from day 12 to day 18 after ovulation (ᮀ; arrow; n = 4). increased gradually, but PPI and RI remained constant or were reduced very slightly. In the preovulatory period, a rapid increase in intraovarian colouring occurred. This event coincided with the LH peak in 17 of 36 ovaries (47.2%), preceded the LH peak by 1 day in six ovaries (16.7%) and occurred the day after the LH peak in ten gonads (27.7%). In two ovaries (5.5%), the increase of intraovarian colouring was observed 2 days after the LH surge and in one ovary (2.8%) the increase occurred 3 days thereafter. The quantitative evaluation of blood flow showed a marked enhancement of SPV, DPV and EDV, but a decrease in PPI and RI (Table 1 ; Figs 1 and 2) . High absolute velocities, an indistinct prediastolic notch and a smooth transition to the end-diastolic phase characterized the patterns of blood flow. These marked alterations occurred in all bitches before ovulation, but showed individual variation.
At 2 days before ovulation, the mean progesterone concentrations showed a marked increase from basal amounts, indicating preovulatory follicle luteinization induced by LH (Fig. 3) . Progesterone concentrations continued to increase at ovulation and during luteal development at day 2 and at day 10 after ovulation ( Fig. 3) .
Concomitantly, intraovarian colouring and the maximum Doppler frequency reached highest values at the day of ovulation and during the early luteal phase (at day 2 and day 10 after ovulation), thus facilitating the alignment of the sample volume in the colour-coded pixels and the registration of the Doppler shifts.
The Doppler parameters changed less rapidly after ovulation. Mean values of SPV, DPV and most markedly EDV were highest, whereas PPI and RI reached lowest values during the period from ovulation to day 10 thereafter (Table 1 ; Figs 1 and 2). At 2 days after ovulation, SPV, DPV and EDV were significantly higher, and PPI and RI were significantly lower than at day 2 before ovulation. The patterns of intraovarian blood flow of normal cyclic bitches were similar to the pattern in the follicular and early luteal phase (day -6 to day 10) of the pregnant bitches and the PGF 2α -treated Beagles (Figs 1 and 2 ).
Physiological luteal phase (from day 10 to day 70 after ovulation)
During the luteal phase of the normal oestrous cycle, a gradual individually varying reduction of intraovarian colouring was observed. The blood flow velocities continued to decrease simultaneously from day 30 after ovulation. The PPI and RI started to increase from day 40 after ovulation (PPI 1.02 Ϯ 0.11; RI 0.61 Ϯ 0.03). On day 50, all parameters measured by Doppler ultrasonography were similar to those found in early pro-oestrus (day -6) (Figs 1 and 2). No blood flow was detected in 63.6% (14 of 22) of the normocyclic ovaries at 70 days after ovulation even at the lowest Nyquist limit. The concomitant gradual decrease of progesterone concentrations indicated physiological luteal regression from day 30 to day 70 (Fig. 3) .
Luteal phase during pregnancy
Throughout the luteal phase of pregnant bitches, intraovarian blood flow velocities and vascular impedance, and progesterone concentrations were similar to those observed in the physiological oestrous cycle (Figs 1-3) . However, an individual variability of the parameters measured by Doppler ultrasonography was observed in the prepartum period (day 60 after ovulation). In one bitch, no intraovarian vascularization could be detected due to prepartum luteolysis, as shown by a progesterone concentration of 5.0 ng ml -1 , and by the occurrence of parturition within a few hours after the ultrasound examination. In the other two pregnant bitches, higher flow velocities and lower indices were recorded (SPV 17.03 and 17.23; DPV 8.31 and 9.01; EDV 6.11 and 6.23; PPI 1.17 and 1.09; RI 0.63 and 0.60). One of these bitches whelped 4 days later and a Caesarean section was performed on the other bitch at day 65 after ovulation.
Luteal phase influenced by PGF 2α
At day 15 after ovulation, which was day 4 of PGF 2α treatment, the mean progesterone concentration had decreased sharply from 18.5 Ϯ 3.5 ng ml -1 (day 10) to 2.9 Ϯ 3.4 ng ml -1 . Concomitantly, a marked decrease in intraovarian colouring was observed in all four bitches. In two bitches, arterial blood flow was even below the lowest measurable Doppler frequency. The mean values of the measured blood flow velocities were 4.99 Ϯ 5.77 for SPV, 2.88 Ϯ 3.33 for DPV and 2.01 Ϯ 2.38 for EDV (in both cases n = 4), which indicate a sharp decline in intraovarian perfusion from day 10 to day 15 after ovulation. The values for PPI (1.04 Ϯ 0.33) and RI (0.59 Ϯ 0.10) (in both cases n = 2) were increased accordingly. Similar values for the blood flow parameters were still observed at day 20 after ovulation (Figs 1 and 2) . At the same time, that is 2 days after cessation of PGF 2α treatment, progesterone values showed a slight increase for the first time, which persisted until day 30, indicating functional recovery of the corpora lutea (Fig.  3) . This increase was accompanied by another increase in intraovarian colouring, reaching values similar to those before the onset of PGF 2α treatment in three of four bitches ) and by a moderate decline of Doppler parameters (PPI 0.91-1.18, RI 0.58-0.65). In one bitch, ovarian perfusion remained below limits of detection. The decreased progesterone concentrations at day 50 and day 70 after ovulation were similar to those found in bitches at physiological luteal regression (Fig. 3) . SPV, DPV and EDV decreased simultaneously (Fig.  1) , whereas PPI and RI increased to initial values (Fig. 2 ) similar to the patterns found at physiological luteal regression. At day 70 after ovulation, colour pixels were detected in only two of four bitches in this group.
Discussion
The results of the present study demonstrate marked alterations in intraovarian blood flow in the course of the canine oestrous cycle. It has been suggested that haemodynamic changes are essential for modelling and for the function of reproductive tissues (Ellinwood et al., 1978; Reynolds et al., 1992) . Other studies that used invasive techniques (Janson, 1975; Niswender et al., 1975; Brown et al., 1980; Wiltbank et al., 1990) , as well as histological investigations in different mammalian species (Basset, 1943; Andersen and Simpson, 1973; Ellinwood et al., 1978; Peters and McNatty, 1980) consistently describe a cyclic increase and reduction of ovarian perfusion. A moderate increase in ovarian vascularization during the follicular phase is attributed to the influence of various angiogenetic growth factors, which are stimulated by gonadotrophins and produced by the proliferating cells of the follicular wall (Klagsbrun and D'Amore, 1991; Reynolds et al., 1992) .
In the preovulatory period, a marked increase of intraovarian colouring was observed in association with the LH surge, and coincided with a marked increase in the SPV and DPV, and the EDV. The higher increase of DPV and EDV in relation to SPV caused a concomitant decrease in PI and RI. A reduction of RI due to the increase in EDV indicates an increase in perfusion (Deeg et al., 1990) . Therefore, the blood flow pattern in intraovarian arteries is the result of an enhanced blood flow in the small parenchymal vessels and from a decrease in the resistance of the vascular wall. The LH surge induces preovulatory luteinization of the follicular wall and initial progesterone production (Concannon et al., 1977 (Concannon et al., , 1989 Wildt et al., 1979; Concannon, 1993) , which was confirmed in the present study by the preovulatory progesterone increase at day -2. The increasing metabolic activity requires adequate blood supply of the steroid hormone synthesizing lutein cells. The stimulating effect of LH on tissue perfusion has been shown in many mammalian species including humans (Wurtman, 1964; Piascek and Huth, 1971; Janson, 1975; Niswender et al., 1975; Lee and Novy, 1978; Weiner et al., 1993) . In addition to the stimulation of angiogenesis (Findlay, 1986) , LH induces a marked dilation of the arteries and arterioles present in the proliferating follicular wall, which is mediated by vasoactive substances such as eicosanoids, kinins and prostaglandins. As the newly formed capillaries are sinusoidal vessels without smooth muscle they hardly impede vascular perfusion (Cavender and Murdoch, 1988; Wiltbank et al., 1990) . The rapid increase in blood flow enhances the supply of nutrients and oxygen to the preovulatory follicle; these nutrients are essential for the ovulatory process and the onset of progesterone production, respectively (Niswender et al., 1975; Espey, 1976; Ellinwood et al., 1978) .
Ovulation and the early luteal phase in bitches are characterized by high blood flow velocities and low PPI and RI. Maximum perfusion has been assumed to reflect the period of highest progesterone production (Janson, 1975; Niswender et al., 1975; Brown et al., 1980; Ellinwood et al., 1978; Wiltbank et al., 1990) . However, luteal regression is accompanied by a gradual decline in ovarian blood supply. Accordingly, data obtained in normocyclic and pregnant bitches indicate a causal correlation between ovarian blood supply and progesterone production. In addition, the PGF 2α -induced inhibition of luteal activity, as demonstrated by a reduction of progesterone synthesis (Salpigtidou, 1998) coincides with a decrease in blood flow velocities and an increase in vascular resistance in the canine ovary. The subsequent luteal recovery, as described after cessation of PGF 2α treatment (Romagnoli et al., 1993; Lange et al., 1997) , was accompanied by a further increase in ovarian blood flow. Decreased ovarian perfusion as a result of PGF 2α treatment has also been observed in rabbits (Novy and Cook, 1973) and cows (Baumgartner et al., 1998) . In canine pregnancy, patterns of intraovarian blood flow are very similar to those found in the non-pregnant luteal phase, as is the case for the progesterone concentrations of pregnant and non-pregnant bitches (Concannon et al., 1989) .
Similar causal correlations between endocrine activity and blood supply have been demonstrated by investigations using Doppler ultrasonography of the dominant and the inactive ovary in women (Deutinger et al., 1989; Scholtes et al., 1989; Hata et al., 1990; Tan et al., 1996; Kurjak and Kupesic, 1997) . Therefore, as in human reproduction, the results of the present study demonstrate the reliability of colour-coded and pulsed Doppler ultrasonography for detection and diagnosis of physiological and disturbed ovarian function, as shown by PGF 2α -induced luteolysis.
With regard to individual variability of the Doppler parameter values, monitoring of the cyclic ovarian changes in bitches must be accompanied by other diagnostic procedures, such as vaginoscopy and cytology, as well as by analysis of the ovarian steroid hormones, particularly progesterone. For diagnostic purposes it is therefore essential to assess the progressive tendency of ovarian function for each bitch. As variations may also be attributed either to an inaccurate definition of the insonation angle between Doppler stream and alignment of the arterial segment or to a lack of exact anatomical correlates of the colour-coded pixel, repeated measurements should be performed at each examination. The significant differences found for certain values of the quantitative Doppler parameters between the left and right ovary highlight the necessity of an individual assessment of both gonads.
The knowledge of the physiological changes in ovarian perfusion in the oestrous cycle and in pregnant bitches, as shown in the present study, offers the basis for a better understanding of ovarian function and for the successful use of Doppler ultrasonography in the diagnosis of ovarian dysfunction and neoplasm in this species. However, further studies are needed to assess the relevance of this technique in canine reproductive medicine with regard to human gynaecology.
